[1] The physical characteristics of hydrate-bearing sediments sampled by pressure coring from the Ulleung Basin in the Sea of Japan (East Sea) were investigated using an instrumented chamber capable of testing recovered natural sediments that have never left the methane hydrate stability field. The heterogeneous distribution of segregated hydrate veins and lens structures in sediments results in highly variable geophysical and geomechanical properties. The scaled production test was conducted by controlled depressurization of pressure cores while dissociation and gas production were concurrently monitored using various sensors in the instrumented chamber. The hydrate saturation was estimated to be ∼19.5% in the pore space. Data show a sharp reduction in sediment shear and bulk stiffnesses during hydrate dissociation. Relatively fast gas migration was observed, probably along high-conduction planes left behind as hydrate veins dissociated. The spatial distribution of hydrates in sediment was analyzed based on 3-D image processing. The phenomena relevant to the production test and sampling effects during pressure coring are discussed.
Introduction
[2] National efforts to identify alternative energy resources in South Korea have led to the exploration and investigation of gas hydrate-bearing sediments in the Ulleung Basin, Sea of Japan (East Sea), where gas charged sediments and pockmarks hint at the abundance of gas hydrates [Huh et al., 1999; Kargl et al., 2006] . The analysis of seismic data reveals that gas hydrates in this region have formed by the upward migration of dissolved gas through fracture networks and chimneys beneath the stability field [Haacke et al., 2009; Stoian et al., 2008] . High hydrate concentrations, probably S h > 35% of the pore volume, was estimated in Late Miocene sands near fractures, chimneys and cold vents [Lee et al., 2005] .
[3] Organic carbon and biogenic methane prevail in the deep sediments of the Ulleung basin [Lee et al., 2008; Ryu et al., 2009] . Sediments are mainly sandy soils in the shelf (massive sand and bioturbated sand) and clayey soils in the continental slope (laminated mud, slightly laminated mud, bioturbated mud, homogeneous mud with distinct tephra layers) [Bahk et al., 2000; Lee et al., 1993; Park et al., 2003] . Dominant clay minerals in the Miocene shales and sandstones of the Ulleung Basin are illite and smectite, with some kaolinite and chlorite presumably resulting from hydrothermal events [Hillier et al., 1996] . Available geotechnical properties for sediments in the lower slope of the Ulleung Basin (water depth >1400 m) are very limited. Classification data show MH (high plasticity silt) and OH sediments (organic clay of high plasticity) with more than 70% clay content and often ∼10% organic matter [Lee et al., 1993] .
[4] The Korea UBGH01 Expedition during the summer and fall of 2007 was performed to assess the existence of gas hydrate-bearing sediments, to recover deep marine sediments containing gas hydrates, and to evaluate physical properties of hydrate-bearing sediments. To prevent hydrate dissociation during sampling and core handling, as required for the geophysical and geomechanical characterization of gas hydrate-bearing marine sediments, the Korea UBGH01 Expedition recovered pressure cores which were then tested using the Instrumented Pressure Testing Chamber (IPTC). This manuscript documents the geophysical and geomechanical characterization of pressure cores, production test by the controlled depressurization of pressure cores, and postdegassing sediment characterization.
Methods and Materials
[5] Hydrate-bearing sediments can be recovered without dissociating the hydrate phase by maintaining P-T conditions using "pressure coring" technology [Pettigrew, 1992] .
Seven pressure cores were recovered during the UBGH Expedition01 (four Fugro Pressure Cores-FPC and three HYACE Rotary Cores-HRC). These pressure cores were then transferred under in situ hydrostatic pressure into storage chambers and maintained at a hydrostatic fluid pressure of 15 MPa and temperature of 4°C. All seven cores were first characterized using 2-D X-ray images and 3-D X-ray CT images to evaluate the spatial distribution of gas hydrates within sediments.
[6] The physical characterization of pressure cores was conducted using Georgia Tech's Instrumented Pressure Testing Chamber (IPTC) [Yun et al., 2006] . This device allows geophysical and geomechanical property measurements to be made in pressure cores without exposing the sediments to pressure or temperature conditions outside the methane hydrate stability field. Note that the effective stress the sediment experienced in situ is not maintained. The IPTC is instrumented to obtain P wave velocity (f ≈ 1 MHz), S wave velocity (f ≈ 1-2 kHz), undrained shear strength (5.6 mm diameter penetrometer), electrical conductivity (2.1 mm diameter needle probe), and internal core temperature (1 mm diameter thermocouple) through perforations made through the plastic liner under in situ hydrostatic pressure. Figure 1 shows the complete test configuration, the IPTC chamber, and a close-up of the core inside the IPTC. The IPTC-based characterization took place within the core storage facility at the Korea Institute of Geoscience and Mineral Resources between 10 and 16 February 2008. The working temperature varied 3°C-5°C throughout the testing period.
[7] Six of seven recovered pressure cores were subjected to the IPTC-based characterization. Three cores were then selected for controlled depressurization within the IPTC. P and S wave velocities, electrical conductivity, temperature and the amount of produced gas were continuously measured during depressurization. A new set of longitudinal X-ray images were taken after depressurization to visually assess changes in sediment structure. Sediments from the depressurized cores were subjected to a comprehensive geotechnical study afterward [Lee et al., 2011] .
Results
[8] A summary of sediment characteristics is presented first, followed by the IPTC characterization and depressurization monitoring results.
Sediment Characterization: Index Properties
[9] We tested depressurized sediments to gather various fundamental properties including: specific gravity G s , specific surface S a , grain size distribution, liquid limit w L , plastic limit w P , X-ray diffraction, and scanning electron microscopy (SEM). Detailed test methods are given by Lee et al. [2011] .
[10] Figure 2 presents two typical SEM (Hitachi S-4300) images. Samples were oven dried at 70°C and coated with a platinum layer. All images show a preponderance of microfossils, a wide range of diatom species, and framboidal pyrite. Diatoms are from 10 to 150 mm in size and most of them are partially broken, in part due to the high in situ vertical effective stress, estimated to be ∼1 MPa. Intact diatoms rarely sustain 2 MPa [Hong et al., 2006; Tanaka and Locat, 1999] . Clay minerals appear flocculated. Pyrite framboids are smaller than 20 mm, and their presence indicates a dysaerobic environment during sedimentation .
[11] Index properties are summarized in Table 1 . The dominant clay minerals were kaolinite and illite, and soils were classified as OH (organic clay of medium to high plasticity) or MH (diatomaceous silty clay) sediments with the mean grain size of D 50 ffi 3 mm. Once again, the preponderant diatomaceous nature of these deposits is observed in SEM images.
Physical Characterization Inside the IPTC
[12] P wave and S wave velocities, electrical conductivity, and undrained shear strength were obtained for six pressure cores at selected locations along the core. Representative property profiles for the 10B-17P core are summarized in Figure 3 . The following discussion applies to these data as well as similar results obtained for the other cores. 3.2.1. A 2-D X-Ray Image
[13] The bright bands indicate the presence of segregated hydrates, while the darker areas correspond to sediments (Figure 3a ). There are irregularly spaced horizontal hydrate lenses with different thickness. Inclined veins are found at core positions of 30 and 40 cm, while vertical hydrate lenses are observed in the upper 0 to 40 cm of the core. Other cores show a similar vein and lens hydrate distribution.
P Wave Velocity
[14] The bulk stiffness of water governs the constrained modulus of water saturated soft sediments (Figure 3b) . Thus, the P wave velocity V P should be close to the propagation velocity in seawater V P of ∼1500 m/s, following Biot-Gassman asymptotic solution when the porosity of sediments is larger than ∼0.4 (dashed line for reference is shown in Figure 3b ). The solid circles denote the data collected at predefined locations, while the solid triangles are values specifically measured parallel to the hydrate veins. Higher velocities indicate the presence of high stiffness material such as hydrates. Most values measured along the core suggest a soft sediment, while V P values measured parallel to horizontal hydrate veins at 30 cm and 40 cm locations (solid triangle) exhibit noticeably high wave velocities approaching ∼3000 m/s (V P of massive methane hydrate is 3750-3800 m/s [Helgerud et al., 2009] ). The solid line in Figure 3b shows onboard values measured in noncontact mode using lower frequency transducers placed outside the plastic liner (500 kHz, MultiSensor Core Logger operated by GeoTek Inc.). Unlike the IPTC measurements in direct contact with the sediment, the distinct horizontal hydrate veins located at 30 and 40 cm in the core are not detected by the noncontact measurements.
Shear Wave Velocity
[15] The shear wave velocity V s = ffiffiffiffiffiffiffiffi ffi G= p (Figure 3c ) reflects the sediment skeletal shear stiffness G and mass density r. The mean effective stress s′ m = (s′ v + s′ h )/2 on the polarization plane, where s′ v is vertical effective stress and s′ h is horizontal effective stress, controls the skeletal shear stiffness in uncemented soils as V s = a(s′ m /kPa) b [Stokoe et al., 1992] . The selected reference value is estimated for an in situ vertical effective stress s′ v ≈ 1.3 MPa (the in situ depth of the core is ∼136 m below seafloor (mbsf) and the corresponding mean effective stress s′ m becomes ∼1.04 MPa), and parameters a = 42 m/s and b = 0.3 are adopted for normally consolidated clay [Santamarina et al., 2001] . The computed reference value of V S = 338 m/s is shown as a dashed line in Figure 3c . The measured V S values (solid circles) are lower than this reference value, implying the sediments have lost in situ effective stress and the local presence of hydrates does not contribute to skeletal shear stiffness. On the other hand, the shear wave velocity measured parallel to the hydrate veins at 30 and 40 cm locations shows V S ≈ 1000 m/s (solid triangle); for reference, a reported value for massive methane hydrate is V S ≈ 1950 m/s [Helgerud et al., 2009] .
Undrained Shear Strength
[16] The undrained shear strength S u (Figure 3d ) of uncemented normally consolidated clayey sediment at in situ conditions is controlled by s′ v ; a typical empirical correlation is S u = 0.22 · s′ v [Mesri, 1989] . Then, the estimated Figure 1 . Configuration of the instrumented pressure testing chamber (IPTC). The main chamber accommodates eight ports, configured here with 6 probes and 2 drills. The IPTC is connected to the extension chamber on one end, and to the storage chamber and manipulator at the other end. (a) Complete device configuration. (b) IPTC chamber. (c) Close-up of the pressure core inside the IPTC. V P , P wave velocity measurement; V S , S wave velocity measurement; s sed , electrical conductivity of sediment measurement; S u , undrained shear strength. A thermocouple replaces a strength probe during the depressurization test.
reference value for this core is S u ≈ 286 kPa (dashed line in Figure 3d ). The measured undrained shear strength away from hydrate veins varies from 60 to 210 kPa (solid circles). The discrepancy between measured and reference values reflects two effects. First, the undrained shear strength S u is expected to be less than the estimated in situ value because the sediments are tested at virtually zero effective stress inside the IPTC. The S u > 0 results reflect the remaining sediment memory of past stress stored at lower sediment porosity. Second, this soft sediment has experienced extensive sampling effects (details discussed later in this manuscript) that result in a quasi disrupted and weakened sediment skeleton.
Electrical conductivity
[17] The electrical conductivity ( Figure 3e ) of sediments is determined by the pore fluid conductivity s fl and the sediment porosity n [Archie, 1942] . The reference sediment conductivity without hydrates is estimated to be s s = 3.3 ± 1 S/m based on logging data (J.-J. Bahk, personal communication, 2010) . For a nominal sediment conductivity of s s = 3.3S/m, the plotted segments show the range of electrical conductivity values measured during each insertion of the electrical needle probe into sediments. Although the lower values detected at all tested location than the reference value hint the existence of hydrates, the integrated analysis with multiple properties is required to strengthen the presence and characteristic features of hydrates based on conductivity results.
Degassing of Gas Hydrates by Depressurization in the IPTC
[18] The evolution of pressure and temperature for the three pressure cores (10B-14R, 10B-17P and 10B-12P) during depressurization are plotted in Figure 4 . The phase boundary for methane hydrate using CSMHYD software in pure water and NaCl 5 wt % solution is superimposed on Figure 4 . Temperature remains constant until the pore pressure meets the phase boundary. The P-T conditions then follow the phase boundary during hydrate dissociation and deviate from the boundary afterward. Minor differences in P-T trajectories relative to the phase boundary likely result from nonequilibrium conditions caused by fast depressurization and noncolocated pressure and temperature sensors that are not in continuous contact with the hydrate dissociation front. Note that the thermocouple replaced the S u probe.
[19] The sample cores were X-ray scanned before and after depressurization. Fluid pressure, sediment temperature, produced gas volume, S and P wave velocity are continuously monitored at fixed locations. X-ray images for the 10B-17P core sample in Figure 5a show that distinctive features such as hydrate veins vanish after depressurization and the sediment stratification becomes unclear due to gas liberation and fluid/gas migration out of the sediment. The evolution of measured properties is shown in Figures 5b-5f . The sediment temperature remains almost constant until the pressure reaches the phase boundary at T s = 3.5°C (Figures 5b Figure 2 . Scanning electron microscope images highlight the overwhelming presence of diatoms (sample from the 10B-17P core). and 5c); the temperature then gradually drops to T s ≈ 1.2°C, roughly following the phase boundary as a result of endothermic hydrate dissociation and gas depressurization. Gas starts coming out of the chamber after ∼100 min when P = 4.7 MPa and T s = 3.0°C (still along the phase boundary, Figure 5d ).
[20] While hydrate is present, pressure recovers toward P-T conditions on the phase boundary. The duration of each depressurization steps is typically shorter than the time required for P-T stabilization. The mass of the entire chamber is kept constant for 8 h to achieve the equilibrium pressure and temperature (t = 180 min to t = 650 min); there is a slight rebound in pressure from 3.2 to 3.7 MPa while T s is constant at 1.2°C (Figures 5b and 5c ). Further depressurization causes the temperature to drop below 0°C and significantly below the phase boundary due to the decompression of the gas phase. The concurrent events (e.g., exothermic reaction by ice formation and endothermic reaction by hydrate dissociation) complicate the temperature signature. The onset of massive gas collection did not begin until t = 115 min Figure 3 . Data summary for one pressure core (10B-17P). X-ray images (from GeoTek) and properties measured inside the IPTC. Solid circle, data at general locations. Solid triangles, measured values parallel to horizontal hydrate veins. The plotted undrained shear strength S u is the maximum value, while the electrical conductivity s el is the minimum value obtained in each penetration. Estimated reference values (refer to text): seawater V P ≈ 1500 m/s; sediment without hydrate V S = 338 m/s; undrained shear strength S u = 0.22s′ = 286 kPa; electrical conductivity of the sediment from logging data s s = 3.3 S/m. Note that solid line in Figure 3b shows data measured by noncontact low-frequency transducers (∼500 kHz, GeoTek's MultiSensor Core Logger). Dashed lines refer to reference values for hydrate-free sediments. (Figure 5d ), even though the sediment reached the phase boundary and hydrates started dissociating at t = 45 min. This time delay likely indicates gas entrapment within the sediment. Note that the gas collection port was located at the end of extension chamber (see Figure 1 ) that was ∼1.5 m away from the core and the entire system was slightly uplifted toward the gas collection port to readily collect any entrapped gas in the system.. Successive dissociation of hydrates after reaching the phase boundary at t = 45 min would increase the gas pressure within the sediment, while leaving behind gas escape paths. The final volume of collected gas and water are V g = 38.6 L and V w = 2.2 L at atmospheric pressure. The hydrate number c in CH 4 · cH 2 O varies from 5.81 to 6.1 considering the cage occupancy and the corresponding conversion factor C between volume of gas and volume of hydrate becomes C = V g /V h = 164.1-171.2 at 1 atm and 4°C [Circone et al., 2005; Kwon et al., 2008] . As the produced water volume is correlated with the initially existing hydrate volume as well, the hydrate volume becomes V h = (V g + V w − V gd )/C, where V gd is the volume of decompressed gas that is dissolved in pore fluid. The computation of V gd involves the iterative process starting with the initial guess of pore fluid volume. Using the nominal values of solubility ∼0.061 mol/ kg at 4°C, 13 MPa and 5 wt % of salinity under clathrate equilibrium condition and density ∼4.4 × 10 −5 mol/cm 3 at 4°C and 1 atm for methane gas [Lide, 1995; Duan and Mao, 2006] (note that both values are obtainable using online calculator available at http://www.geochem-model.org), the volume of hydrate V h ranges from 230.7 to 240.7 cm 3 . The pore space hydrate saturation in the sediment is estimated to be S h = V h /V v = V h /(nV specimen ) = 19.1-19.9% (average value of 19.5% for c = 5.99) for the 82.2 cm long, 5 cm diameter core, with in situ neutron porosity n = 0.75.
[21] The initial S wave velocity V S = 170 m/s remains constant until P-T conditions reach the phase boundary (Figure 5e ). The velocity then decreases to reach 35 m/s at atmospheric pressure. This trend captures the loss of sediment global stiffness due to the volume expansion of liberated gas and associated soil skeleton disturbance during hydrate dissociation. The central frequency of S wave signals decreases during degassing because the resonant frequency of the sediment-coupled transducers is affected by the sediment stiffness (Figure 5f ). Figure 6 shows the gradual decrease of travel time and frequency evolution of S wave signals during hydrate dissociation and gas escape. Markers i to iv in Figure 6 correspond to reference lines designated in Figure 5b to Figure 5c .
[22] The amplitude of P waves gathered during the degassing of the 10B-12P core vanishes as soon as P-T conditions reach the phase boundary and before gas is recovered outside the chamber (Figure 7) . We did anticipate a pronounced decrease in P wave velocity as soon as a gas phase forms due to the high sensitivity of the pore fluid stiffness to the presence of soft gas bubbles, as predicted using Biot-Gassmann formulation (detailed discussion by Santamarina et al. [2001] ). However, results in Figure 7 highlight that the rapid increase in attenuation as soon as gas bubbles form suppresses the signal, and hinders further analysis. These gas bubbles form at the onset of hydrate dissociation (dotted line i) though no gas reaches the gas collector until well after the P wave amplitude has vanished (dotted line ii).
Discussion

Hydrate Distribution in Sediments
[23] Hydrates appear to be segregated in 2-D X-ray projections. However, a detailed hydrate topology cannot be discerned from 2-D images. We therefore reconstructed 3-D tomographic images to visualize segregated hydrate lenses and veins in these sediments. Two nonconvolutional image processing steps were implemented.
[24] First, the original tomogram T was thresholded to expose all segregated hydrates. The histogram of pixel values in 2-D images (8 bit image type ranging from 0 to 255 pixel values; 0 for black and 255 for white) shows two characteristic peak values, and the peak centered at ∼110 corresponds to "sediment pixels," while the second peak centered at ∼190 represents "massive hydrate pixels." The thresholded image was obtained from a threshold value of ∼125 and was expressed as a binary image B where 0 represents sediment (black) and 1 represents the hydrate mass (white). Speckles or noise pixels emerge due to the superposition of distribution tails, so there is some probability that thresholding designated some pixels as "material a" when they are actually "material b," and vice versa. Then, a "selective smoothing" step was implemented to despeckle all slices in B without smoothing: a pixel i, j in a despeckled slice of the final tomogram S was assigned with a value 0 or 1 depending on all values within a window size N × N centered at the location i, j in the corresponding slice of the original binary image B.
where N* is the selective smoothing parameter. This selective smoothing step agrees with the inherent tendency to form segregated hydrate in fine grained sediments. Figure 4 . Evolution of pressure and temperature during gas production by controlled depressurization of three pressure cores inside the IPTC. The stability curve for methane hydrate is constructed for the case of pure water and ionic concentration of 5 wt % using CSMHYD software (available at http://hydrates.mines.edu/CHR). Figure 5 . Evolution of physical properties and produced gas (volume at 1 atm) collected during depressurization of the 10B-17P pressure core: (a) X-ray images before and after dissociation (courtesy of GeoTek), (b) pressure, (c) temperature, (d) gas volume, (e) S wave velocity, (f) resonant frequency of the shear wave. Markers i, ii, iii, and iv correspond to pressure condition in Figure 6 .
[25] Figure 8a shows the 2-D X-ray image (Figure 8a [26] Figure 8b shows a 2-D X-ray image and a filtered 3-D tomogram for the 10B-18P core using a 10 × 10 window and N* = 55. Vertical gas hydrate lenses bisect the core and cut through the regularly spaced horizontal hydrate veins. The computed hydrate volume corresponds to a hydrate saturation S h = 22.2% of the pore space; as this core was not depressurized, there is no experimentally measured hydrate saturation for comparison.
Gas Production From Hydrate-Bearing Sediments
[27] Gas migration triggered by hydrate dissociation is limited by the sediment conductivity. The development of a percolating gas phase creates a mixed fluid condition, i.e., in order to mobilize through wet sediments, the gas must overcome the capillary pressure P cap , which is a function of surface tension g and pore size d pore according to Laplace's equation
The mean pore size d pore can be estimated from the sediment specific surface S a and porosity n, d pore = an/[(1 − n)S a r min ], where r min is the mass density of the mineral forming grains and a is the fabric coefficient a = 4 ± 2 [Santamarina et al., 2001] . Gas-driven fractures will form if P cap is significantly greater than the in situ effective stress s′ o . For instance, the capillary pressure ranges from 1.68 MPa (a = 6) to 5.04 MPa (a = 2) and the in situ effective vertical stress is ∼1.3 MPa at the depth of ∼136 mbsf (assumed values are S a = 40 m 2 /g, r min = 2500 kg/m 3 , g = 75.65 dyn/cm). Note that these values provide a first approximation and require further investigation for the in situ condition. Similarly, the dissociation of network-forming hydrate lenses observed in these sediments may leave behind preferential paths for gas migration. Therefore, the gas pressure caused by hydrate dissociation should be larger than the capillary pressure to create the gas escape path in these fine grained sediments and the path would not close in the absence of effective stress in the depressurized cores reported above. The interplay among the increased gas pressure by dissociation and subsequent decay due to gas migration, in situ effective stress and capillary pressure determines the fate of the sediment structure.
Potential Sampling Effects
[28] The effective stress release as the core travels through the cutting shoe can occur faster than the rate of pore pressure homogenization within the core. While the sediment tends to expand due to the removal of effective stress, the expansion of the sediment skeleton is temporarily hampered by fluid drainage in this undrained condition and the fluid pressure inside the core may fall below the phase boundary even if the external fluid pressure remains within the stability field. The hydrate dissociation would then cause the discontinuity (e.g., gas-driven fracture) in soils, followed by hydrate reformation into thin lenses when conditions Figure 6 . Evolution of S wavefield during depressurization of the 10B-17P pressure core (the corresponding wave velocity evolution is shown in Figure 5e ). The amplitude is normalized by the maximum value of each signal. Markers i, ii, iii, and iv correspond to P-T conditions in Figures 5b-5f . return to the stability field of hydrates. Scale analysis indicates that coring velocity v should be lower than v = 4c v /d, where d is the core diameter, to avoid this undrained poroelastic effect. The coefficient of consolidation for most clayey sediments is c v < 10 −3 cm/s. Undrained coring is anticipated in most coring operations, and fine-grained sediment may develop hydrate-filled lens-type features as a result.
[29] Additional coring effects result from the rotational coring tool [Arman and McManis, 1977; Young et al., 1983] . Figure 9 shows evidence of striation from the cutting shoe in 2-D X-rays and 3-D tomograms of 10B-5R and 10B-14R core samples recovered using the rotary cutting method (i.e., Hyace Rotary Core).
[30] We have observed the longitudinal rotation of diametrical hydrate lenses in some cores; this feature may result from the combined effects of sudden depressurization and torsional shear effects discussed above. These observations suggest the need for careful analysis of hydrate distribution and lens orientation.
Stiffness Change During Degassing
[31] The formation of a gas phase during depressurization produces marked changes in both P and S wave propagation, as shown in Figures 5, 6 , and 7. Velocities V P and V S are related to bulk density, bulk and shear stiffness K and G according to
where subindices indicate hbs for hydrate-bearing sediment and sk for sediment skeleton. The following discussion explores the effects of hydrate dissociation on K hbs and G sk .
[32] Changes in bulk stiffness are readily explained because the low bulk stiffness of gas K g lowers the global bulk stiffness of the hydrate-bearing sediment K hbs relative to the gas-free state [Santamarina et al., 2001] :
where n stands for porosity and subindices denote w for water, h for hydrate, m for mineral that makes the sediment grains, and g for gas. The analysis of common conditions in hydrate-bearing sediments shows that gas saturation as low as S g = 0.1% causes a detectable decrease in P wave velocity.
[33] The presence of hydrates increases the sediment shear stiffness G sk . Hydrate distribution determines the sensitivity of G sk to S h (see review by Waite et al. [2009] ). Cementing hydrate formed at contacts has the highest effect on G sk (e.g., water-limited hydrate formation in sands so that water at interparticle contacts forms hydrate). In the case of hydrate formation in gas-limited water saturated sands, hydrate forms away from interparticle contacts and has a lesser effect on stiffness, particularly when the hydrate saturation is lower than 40%. There is no controlled laboratory data on the effect of segregated hydrate on the shear stiffness of hydrate-bearing clays, though both upper and lower HashinShtrikman bounds anticipate an increase in global stiffness. Figure 7 . P-T conditions during the controlled depressurization of core 10B-12P, and the corresponding evolution of P wavefield. The signal amplitude is normalized by the maximum value of each signal. Lines i and ii show P-T conditions along the phase boundary. Note that gas recovery started even after the P-T condition reaches to the phase boundary.
Conversely, we conclude there will be a decrease in shear stiffness G sk during hydrate dissociation in any kind of sediment. The lower shear wave velocity V S and frequency in Figure 5 and the longer travel times in Figure 6 are in agreement with this conclusion.
[34] Finally, we observe a very marked increase in P wave attenuation as soon as the sediment touches the phase boundary and gas begins to form (Figure 7) . This reflects the emergence of high-loss, pore-scale mechanisms such as local fluid flow and cyclic liberation of the gaseous phase due to the discrete depressurization and subsequent degassing [Palmer and Traviolia, 1980; Winkler and Nur, 1979] . The P wave in particular are affected because attenuation increases with frequency and P wave measurements are conducted at higher frequencies ( f ≈ 1 MHz) than the S wave measurements ( f ≈ 1-2 kHz).
Diatomaceous Marine Sediment
[35] There are several well-established empirical correlations to estimate engineering design parameters for fine grained sediments in terms of index properties such as plasticity. However, these correlations should be applied with caution when diatomaceous marine sediments are involved. The internal porosity of diatoms implies a higher surface area than for solid grains of the same size. Furthermore, internal pores retain water and a higher apparent plasticity is inferred, which biases the sediment classification. Compared to other sediments of the same plasticity, diatomaceous soils have higher strength and friction angle (due to interlocking between diatoms), higher hydraulic conductivity (due to interskeletal and intraskeletal structure), and higher compressibility at high stress (due to breakage of diatom skeletons) [Shigomatsu et al., 2006; Tanaka and Locat, 1999] .
[36] The development of gas production strategies from hydrate-bearing sediments in the Ulleung Basin must recognize the unique geomechanical characteristics of diatomaceous soils; their relatively low fluid conductivity; hydrate distribution in the form of segregated lenses and veins; the possibility of gas pressure buildup during heat-driven production and the formation of gas-driven fractures; volume contraction associated to segregated hydrate dissociation and possible diatom crushing (the latter in depressurizationdriven production); and associated stability implications.
Conclusions
[37] Seven pressure cores were recovered during the UBGH Expedition 01 and maintained within hydrate P-T stability conditions throughout the recovery, imaging, and physical property measurement steps. Afterward, three cores were subjected to controlled and monitored depressurization. Finally, depressurized sediments were analyzed to characterize the sediment.
[38] Microfossils make up the bulk of the Ulleung Basin sediment mass. This particular constitution and fine-grained fabric determine hydrate distribution, physical properties, and the potential selection of gas production strategies.
[39] The physical properties of hydrate-bearing sediments are affected by the spatial distribution of hydrates. Pressure cores recovered at the Ulleung Basin show hydrate very heterogeneously distributed as veins, lenses and nodules. Though pressure coring technology was used to preserve the in situ hydrate distribution, some of segregated features may be the result of poroelastic effects during coring and sampling.
[40] Pressure cores were tested within the stability field, but under virtually no effective stress. Even so, the sediment retains a portion of the effective stress the sediment experienced in situ. These observations and estimated reference values for sediments at in situ conditions but without hydrates facilitated data interpretation. In particular, regions of high hydrate saturation and solid hydrate veins exhibited high P and S wave velocities.
[41] Three cores were subjected to controlled depressurization tests while pressure, temperature, P or S wave propagation, electrical conductivity, and the amount of produced gas were continuously monitored. The P wave propagation data clearly captures the initiation of hydrate dissociation. The lower attenuation of S waves under mixed fluid conditions permits tracking the evolution of shear stiffness throughout the complete dissociation process.
[42] Chemical and thermal driven dissociations may trigger gas pressure build up in these diatomaceous sediments. Gas driven fractures and preferential high-conductivity paths along segregated hydrate planes may form and remain open as long as the gas pressure exceeds the in situ effective stress conditions. These high-conductivity planes may facilitate gas migration and recovery. Torsional shear also manifests itself in the rotation of diametrical thin lenses found along the core when sequentially viewing slices along 3-D tomograms of cores.
